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ABSTRACT

ABSTRACT
The objective of this study is to improve our understanding of the evolution and
tribological behaviour of work roll surfaces in cold rolling because surface
deterioration affects the quality of products and the efficiency of production. The
cost of rolls is almost 25% of the cost of cold steel production. An experimental
Lateral Set-testing (LST) mini-mill was developed to make use of the Gleeble
3500 thermo-mechanical simulator functions to evaluate, for the first time, the
roll material surface features, surface roughness, fast Fourier transform (FFT) and
Power Spectral Density (PSD) of frequency distribution, after single and
multi-pass rolling.
A low carbon-steel was prepared for the paired disc and then experiments on
disc-to-disc wear were carried out to test surface deterioration and friction.
In the laboratory, material imitating an industrial roll was manufactured. One
batch contained 4%Cr and another contained 4%Cr plus approximately 0.1% Ti.
These materials were compared against each other in the LST and disc-to-disc
experiments.
Experiments considered a series of parameters, including strip reduction, speed,
and lubrication, while the disc-to-disc experiments considered duration of wear,
forward and backward slip and load amplitude. The surfaces of the LST roller
and disc were evaluated by surface technologies such as Atomic Force
Microscope (AFM), Scanning Electron Microscope (SEM), and surface
profile-meters. Transmission Electron Microscope (TEM) and X-ray diffraction
ii
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were helpful when analysing features of the roll microstructure that affects the
wear properties.
Test results from the mini-mill reveal that dominant waviness of the surface
roughness still exists on the surface after a single pass of rolling and a 30.5%
reduction is a critical reduction level that has a significant influence on the
density of power spectrum. A rougher work piece results in a larger power
spectrum of the surface profile. It has found that the PSD altitude of the roller
surface is significantly affected axially but is more sensitive to its original
surface roughness circumferentially. It is distributed in an inverse order to the
surface roughness in a high frequency domain. The addition of Ti alters surface
deterioration. Lubrication has a significant effect on surfaces containing either
4Cr% or 4%Cr+Ti, affecting surface roughness of rollers containing 4%Cr more
significantly.
In the disc-to-disc tests, more material was removed in the first 60 minutes from
the disc containing Ti than the disc containing only 4%Cr. In general, roll
material with 4%Cr+Ti reveals to have better anti-abrasive properties than the
roll with only 4%Cr, while lubrication significantly reduced the wear rate and
amount of material removed from both materials. The speed of the disc
influences the weight loss, ie, the higher the speed the greater the amount of
material removed. The slip rate also affects roll wear and weight loss because as
the speed increases, so do the slip and loss of weight.
The coefficients of friction are between 0.35~0.75 when the contact was dry and
0.06~0.11 when lubrication was applied. Adhesive friction dominated the dry
iii
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contact while a mixed lubrication regime features friction behaviour when
emulsion lubrication was applied. A backward slip of 2% and a forward slip of
1.5% resulted in a different coefficient of friction in dry contact mode although
the corresponding torques were similar.
The torque and coefficient of friction are found to increase with disc speed in dry
contact condition.
Lubrication alters the friction of both materials. The coefficient of friction
decreases with speed on the disc with added Ti but the effect of load is in the
opposite trend, while the disc with 4%Cr was less influenced by speed. The
coefficient of friction is more sensitive to load at higher speeds on the disc with
4%Cr than at slower speeds on the disc with Ti added.
This indicates that the addition of Ti enhances the tribological behaviour of rollers
because the disc with Ti additive is characterised by carbonitrades precipitated in a
refined tempered martensitic matrix. Coarse carbides characterise the 4%Cr disc
materials.
Surface defects of the work rolls, including banding, spalling, marking and
welding in a cold strip plant, were investigated. It was found that early failures
principally resulted from operational factors and roll material off-specification
micro-structure defects rather than wear.
It is recommended that different grades materials of the roll and strip with
different roughness and hardness to be tested and studied on the evolution and
tribological behaviour of roll surfaces in the future.
iv

LIST OF CONTENT

LIST OF CONTENT

DECLARATION
ACKNOWLEDGMENTS

i

ABSTRACT

ii

LIST OF CONTENT

v

LIST OF FIGURES

xii

LIST OF TABLES

xviii

NOMENCLATURE

xix

LIST OF PUBLICATIONS DURING THE PhD COURSE

xxi

Chapter 1

Literature Review and Scope of Work in the Present

1

Study
1.1 Introduction

1

1.2 Wear mechanisms

2

1.2.1 Adhesive wear

2

1.2.2 Abrasive wear

2

1.2.3 Fatigue wear

2

1.2.4 Chemical wear

3

1.2.5 Roll wear

3
v

LIST OF CONTENT

1.3 Metallurgical factors affecting roll wear

4

1.3.1 Basic requirement of work rolls

4

1.3.2 Conventional cold work roll material

5

1.3.3 Forged steel roll with added Ti

7

1.4 Studies carried out on roll wear

8

1.4.1 Lubrication in cold rolling and its effect on roll wear

8

1.4.2 Investigation on the evolution of surface topography in cold rolling

10

1.4.3 Experiments for cold work roll wear

12

1.4.4 Modelling of roll wear

16

1.5 Problems and findings from the literature review

21

1.6 Scope of work in the present study

21

Chapter 2

24

LST design of the Mini-mill Driven by the Gleeble
3500 System

2.1 Introduction

24

2.2 Description of the LST mill

25

2.2.1 Design considerations

25

2.2.2 Experimental principle

26

2.2.3 Configurations of the LST-mill

27

2.3 Design of the mill

32

2.3.1 Basic parameters

32

2.3.2 Designs

37

vi

LIST OF CONTENT

2.4 Assembly

37

2.5 Application of the LST facility

38

2.5.1 Samples of deformed strip

38

2.5.2 Appearance of a worked roller surface

39

2.5.3 Force with the Gleeble system

40

2.6 Findings

41

2.7 Summary

41

Chapter 3

43

Experimental Instruments and Methodology

3.1 Introduction

43

3.2 Test materials

43

3.3 Single and multi-pass rolling tests by the LST

45

3.3.1 Gleeble 3500 Thermo-Mechanical Simulator

46

3.3.2 Lateral Setting Test procedure

46

3.4 Disc-to-disc wearing tests

47

3.4.1 Equipment

47

3.4.2 Wearing test procedure

49

3.5 Facilities and approaches to evaluate the experimental samples

51

3.5.1 Atomic Force Microscopy (AFM)

51

3.5.2 Hommel Tester T1000 for roughness measurement

53

3.5.3 Phillips XL30 Scanning Electron Microscope (SEM)

54

3.6 Summary

55
vii

LIST OF CONTENT

Chapter4

Study on Roll Surface Profile Changes by Single and

56

Multi-pass Stalled Rolling
4.1 Introduction

56

4.2 Changes in surface morphology after single pass rolling

57

4.2.1 Surface roughness

57

4.2.2 3-D roller surface topography after a single-pass of rolling

62

4.3 Enhanced surface features analysis using Fast Fourier Transform

65

(FFT) and Power Spectrum Density (PSD)
4.3.1 Definitions of FFT and PSD

65

4.3.2 Surface profile after different reductions of the work piece

65

4.3.3 Surface profile of different initial roller surface roughness after rolling

69

4.3.4 Surface profile with different work pieces roughness

73

4.4 Surface profiles of the roll after multi-pass rolling

75

4.4.1 Effect of lubrication on the evolution of surface roughness

75

4.4.2 Effect of Ti-enhancement on the roller surface after multi-pass rolling

83

4.5 Findings

88

4.6 Summary

89

Chapter 5

91

Tribological Behaviour of Roll Materials by Disc-toDisc experiments

5.1 Introduction

91

5.2 Effect of wear duration

92

viii

LIST OF CONTENT

5.2.1 Weight loss

93

5.2.2 Changes in surface roughness

94

5.3 Effect of load on roll wear

97

5.3.1 Weight loss to experiment loads

97

5.3.2 Surface roughness to loads

102

5.4 Surface profile as function of disk speed

105

5.5 Differences in speed between the sample and material

109

5.6 Test conditions on the coefficient of friction and torque

111

5.6.1 Disc slip

112

5.6.2 Result of speed on torque and the coefficient of friction

114

5.6.3 Result of load on torque and the coefficient of friction with lubrication

117

5.7 Findings

120

5.8 Summary

120

Chapter 6

123

Micro-structure and Tribological Behaviour of Roll
Material with Ti-additive

6.1 Introduction

123

6.2 Micro-structure and mechanical properties of the roll material

124

6.2.1 Experimental

124

6.2.2 Microstructure and phase characteristics

124

6.2.3 Carbonitrides in the material with 4%Cr+Ti

128

6.3 Wear pattern of material with 4%Cr+Ti

130

ix

LIST OF CONTENT

6.3.1 Heave deformation, flattening, and abrasive wear

131

6.3.2 Ploughing and delamination wear

133

6.3.3 Wear and micro-structure

136

6.4 Friction

140

6.5 Findings

142

6.6 Summary

142

Chapter 7

144

Case Studies on Premature Failure of Work Rolls in
a Cold Mill Plant

7.1 Introduction

144

7.2 Rolling process and parameters

145

7.3 Results and discussion

147

7.3.1 Samples of work rolls

147

7.3.2 Spalling

148

7.3.3 Strip welding

152

7.3.4 Mechanical marking and banding

154

7.4 Conclusion

157

Chapter 8

159

Conclusion and Future Work

8.1 Introduction

159

8.2 General conclusion

159

8.2.1 Innovation of the LST facility

159

8.2.2 Roll surface features after single pass and multi-pass stalled rolling

160

x

LIST OF CONTENT

8.2.3 Tribological properties of 4%Cr and 4Cr+Ti materials

161

8.2.4 Case studies of the premature failure of a cold work roll

163

8.3 Suggestions for future work

163

8.3.1 LST eqipment

164

8.3.2 Disc-to-disc wear tests

164

Reference

166

APPENDIX I Details of design of the mini mill

181

APPENDIX II Power Spectrum Density

188

APPENDIX III Skewness, Root Mean Square and Kurtosis of

191

Surface Roughness

xi

LIST OF FIGURES

LIST OF FIGURES

Figure 1.1

Comparison of change in surface roughness between a

7

conventional 5%Cr type work roll and a 0.1%Ti-enhanced
Figure 1.2.

Schemetic diagram of tribological testers

14

Figure 1.3

Mixed-film lubrication in cold rolling

18

Figure 2.1.

Schematic view of the LST mini-mill system

26

Figure 2.2

Overall view of the LST-mill

28

Figure 2.3

Configuration of the LST-mill stands

29

Figure 2.4

Configuration of the coupling mount on the LST-mill stands

30

Figure 2.5

Structure of the strip clamp

31

Figure 2.6.

Gleeble system chamber (elevated view)

33

Figure 2.7

Half fixed mini-mill into the Gleeble chamber

33

Figure 2.8

Strip undertakes lateral pressure on the left side

34

Figure 2.9

Assembly of the mill

36

Figure 2.10

Assembling of the LST-mill

38

Figure 2.11

Photos of the deformed LCS strip

39

Figure 2.12

Surface of the roller after rolling

40

Figure 2.13

LST mini-mill forces acquired by the Gleeble system

41

Figure 3.1

A schematic diagram of roll and disc manufacturing

45

Figure 3.2

MMS-2B disc-to-disc test system

48

Figure 3.3

Schematic view of the disc-to-disc setting

48
xii

LIST OF FIGURES

Figure 3.4

Schematic view of the disc-to-disc test system

49

Figure 3.5

Design of the probe and its four silicon nitride cantilevers

51

showing spring constants (N/m)
Figure 3.6

AFM scanning positions on each roller surface after the LST

52

tests
Figure 3.7

Hommel Tester T1000 instrument

53

Figure 4.1

Effect of reduction on the roll surface roughness

58

Figure 4.2

Influence of the strip sample roughness on roll surface

59

roughness
Figure 4. 3

Roll surface roughness compared to its initial surface profile

60

Figure 4.4

Surface topographies of the 4%Cr roller before test and after

63

one pass of rolling at 26.6% reduction
Figure 4.5

Surface topographies of the 4%Cr+Ti rollers before test and

64

after one pass of rolling at 26.6% reduction.
Figure 4.6

PSD analysis of roller surface at different reductions in the

66

work piece
Figure 4.7

Comparison of section analysis of the 4%Cr roller surface at

68

reductions of 26.6% and 30.5%
Figure 4.8

PSD analysis of roller surface after rolling with different

70

initial surface roughness
Figure 4.9

Cross section analysis of surface after rolling

72

Figure 4.10

PSD analysis of the surface with different work piece

74

roughness
Figure 4.11

Evolution of surface roughness of the roller with 4%Cr

76

xiii

LIST OF FIGURES

Figure 4.12

Evolution of Surface roughness for the 4%Cr+Ti roller

76

Figure 4.13

Skewness and kurtosis before and after rolling (4%Cr)

78

Figure 4.14

Skewness and kurtosis before and after rolling (4%Cr+Ti)

78

Figure 4.15

Surface morphologies of the 4%Cr rollers before and after

80

5, 10 and 20 passes of rolling tests
Figure 4.16

Surface morphologies of the 4%Cr+Ti rollers before and

81

after 5, 10 and 20 passes of rolling at dry-contacting
Figure 4.17

Surface morphologies of the 4%Cr+Ti rollers at oil-

82

lubricating before (a) and after (b) 5, (c) 10 and
(d) 20 passes of rolling tests
Figure 4.18

Roll surface PSD analysis

84

Figure 4.19

4% Cr roll surface section analysis

85

Figure 4.20

4% Cr+Ti roll surface section analysis

86

Figure 5.1

weight loss versus test duration under dry contact conditions

94

Figure 5.2

Weight loss versus test duration with lubrication

94

Figure 5.3

Surface roughness versus test duration under dry contact

95

conditions
Figure 5.4

Surface roughness versus test duration with lubrication

95

conditions
Figure 5.5

Initial surface of the 4%Cr disc (Ra=0.66μm)

96

Figure 5.6

Initial surface of the 4%Cr+Ti disc (Ra=1.0μm)

96

Figure 5.7

Surface morphology of discs in dry contact after a series of

98

wear intervals
Figure 5.8

Surface morphology of discs with lubrication after a series

99
xiv

LIST OF FIGURES

of wear intervals
Figure 5.9

Weight loss to loads under dry contact conditions

100

Figure 5.10

Weight loss to load under lubrication conditions

100

Figure 5.11

Comparison between dry and lubricating contacts of 4%Cr

101

discs under different loads.
Figure 5.12

Roll surface after 30min under 1000N under dry contact and

102

slip =1.5%
Figure 5.13

Changes in surface roughness to load in dry contact

103

Figure 5.14

Changes in surface roughness to load in lubricating contact

104

Figure 5.15

Weight loss to speed at dry mode

106

Figure 5.16

Weight loss to speed at lubricating mode

106

Figure 5.17

Surface of discs after testing at each speed

108

Figure 5.18

Surface roughness to disc speed with lubricating

109

Figure 5.19

Weight loss to speed differences under dry contact

110

Figure 5.20

Surface roughness to speed differences under dry contact

111

Figure 5.21

Result of slip on torque and coefficient of friction at dry

112

contact
Figure 5.22

SEM photography of the surface after 30 minutes wear at

113

1000N at dry contact
Figure 5.23

Result of disc speed on torque and friction under dry

115

contact.
Figure 5.24

Result of speed on torque and friction under lubrication

116

Figure 5.25

Result of disc load on torque and coefficient of friction with

118

lubrication
xv

LIST OF FIGURES

Figure 5.26

Surface comparisons between the two materials at lubricated

119

contact under different loads
Figure 6.1

Optical micrographs of the test rolls

125

Figure 6.2

TEM image of replicas taken from 4%Cr roll

126

Figure 6.3

TEM image of replicas taken from 4%Cr+Ti roll

126

Figure 6.4

XRD pattern for the surface of 4%Cr+Ti roll

127

Figure 6.5

TEM image of thin foil taken from 4%Cr+Ti roll

128

Figure 6.6

Chemical composition of titanium carbon nitride in the

129

material with 4%Cr+Ti
Figure 6.7

TEM image of thin foil taken from 4%Cr+Ti roll showing

130

the presence of Ti(C, N)
Figure 6.8

Disc surface flattening

132

Figure 6.9

Disc surface flaking and further flattening

134

Figure 6.10

Disc surface flaking and further flattening

135

Figure 6.11

Microstructure 0.1mm underneath the disc surface of both

137

disc materials before wearing
Figure 6.12

TEM micrograph of the worn disc surface after 480 minutes

138

Figure 6.13

Electro Probe tests of the flakes collected after disc-to-disc

139

wear
Figure 6.14

Change in coefficient of friction coefficient changing during

140

480 minutes of wear
Figure 6.15

Grooved surface in dry contact after 120 minutes wear at

142

1000N and 597rpm, in the disc-to-disc tests
Figure 7.1

2-stand tandem cold strip mill

146
xvi

LIST OF FIGURES

Figure 7.2

Spalling of work rolls

148

Figure 7.3

Microstructure of the material of work roll

149

Figure 7.4

Crack on roll A

150

Figure 7.5

Normal stress gradients developed as a result of contact with

151

the rolled strip
Figure 7.6

Shear stress gradients developed as a result of contact with

151

the rolled strip
Figure 7.7

Relationship between the length of rolled strip and surface

152

roughness
Figure 7.8

4%Cr disc surface welding in the disc-to-disc dry-contact

153

wearing tests
Figure 7.9

Strip welding

154

Figure 7.10

Mechanical marks and banding

155

Figure 7.11

Surface crack and banding on the disc with 4% Cr in the dry

156

contact wear tests
Figure A.1

Assembly of the mill

182

Figure A.2

Roller shaft

182

Figure A.3

Roller-ring

183

FigureA.4

Bushings

184

Figure A.5

Rods

185

Figure A.6

Covers

186

Figure A.7

Coupling mount

187

Figure A.8

Block for roll gap adjusting

188

xvii

LIST OF TABLES

LIST OF TABLES

Table 1.1

Evolution of chemical compositions for cold work roll

6

Table 3.1

Chemical composition of low-carbon steel

44

Table 3.2

Chemical composition of roll materials

44

Table 4.1

Rolling parameters of the mini-mill tests

57

Table 4.2

The 4%Cr roll surface FFT features before and after

69

rolling at 26.6% and 30.5% reductions
Table 4.3

The 4%Cr roll surface FFT features before and after

73

rolling at 26.6% and 30.5% reductions
Table 4.4

Rmax by Hommel Tester T1000

77

Table 4.5

PSD features by Hommel Tester T1000

83

Table 5.1

Chemical composition of the partnered disc

91

Table 5.2

Emulsion used in the experiments

92

Table 5.3

Ratios of friction between dry and lubrication contact

117

Table 6.1

Vickers of different carbides

139

Table 7.1

Rolling parameters

147

Table 7.2

Work roll parameters

147

xviii

NOMENCLATURE

NOMENCLATURE

ACF

auto-correlation function

AFM

Atomic Force Microscope

f

frequency

FEM

Finite Element Method

LST

Lateral-setting test

L

length

lx0 and ly0

integrated width and depth

N

number of data points

P

power

PSD

Power Spectrum Density

LCS

low carbon steel

R

roll radius

EAB

Electronic Analytical Balance

Ra

Roughness Average

Rku

kurtosis

Rmax

maximum roughness

Rq

root mean square roughness

Rsk

skewness

Rz

average maximum height

SEM

Scanning Electron Microscopy
xix

NOMENCLATURE

W

Roll speed in rpm

SPM

Scanning Probe Microscopy

FFT

Fast Fourier Transform

τ

shear strength

ε

percentage reduction, %

ε and ε&

strain and strain rate

μ

coefficient of friction

ν

rolling velocity

σ

Strength (MPa)

TEM

transmission electron microscopy

EDX

energy-dispersive X-ray

xx

LIST OF PUBLICATIONS DURING THE PHD COURSE

LIST OF PUBLICATIONS DURING THE PHD COURSE

1.

Hongchun Li, Zhengyi Jiang, Kiet A. Tieu, Weihua Sun, Analysis of
premature failure of work rolls in a cold strip plant，Wear 263 (2007)
1442–1446.

2.

Hongchun Li, Zhengyi Jiang, Kiet A. Tieu, Weihua Sun, Surface
Roughness and Wear of Work Roll Containing Ti in Cold Strip Rolling.
Advanced Materials Research, Vol. 32 (2008), pp 157-160.

3.

Hongchun Li, Weihua Sun, A. K. Tieu, Z. Y. Jiang, A Study on Roll
Surface Profile Changes by Multi-pass Stalled Cold Rolling of Steel, in M.
Pietrzyk et al: Proceedings of Metal Forming 2008, Krakow, Sept 24-28,
2008.

4.

Hongchun Li, Weihua Sun, A. K. Tieu, Z. Y. Jiang, A Microscopic
Examination on Work Roll Wearing Behaviour by Disc-to-Disc
experiments in Cold Rolling of Steel, in M. Pietrzyk et al: Proceedings of
Metal Forming 2008, Krakow, Sept 24-28, 2008.

5.

Weihua Sun, Hongchun Li, A. K. Tieu, Z. Y. Jiang, Experimental study on
deformation behavior of oxide scale during hot rolling of steel, in M.
Pietrzyk et al: Proceedings of Metal Forming 2008, Krakow, Sept 24-28,
2008.

6.

Hongchun Li, Chunguang Meng, Weihua Sun, Bob de Jong, A Mill
Configured for a Thermo-mechanical Simulating Test system. US Patent,
Application Number: 12017998. Receipt Date: 22-JAN-2008

xxi

